Unobstructed PIV measurements within complex turbomachinery flow fields are performed in an opticalrefractive-index-matched facility consisting of a 2-stage axial turbomachine. Two different test setups are utilized to demonstrate wake-wake, wake-blade interactions and the associated flow non-uniformities and turbulence. The flow consists of a lattice of interacting wake segments, which are being chopped by the rotor and stator blades. The wake fragments become discontinuous due to the velocity differences across the rotor blades. Striking flow phenomena that occur as a result of this non-uniform flow field, such as turbulent "hot spots" and kinking of the rotor wake are presented at high magnification and samples that are large enough to obtain converged statistics. In this paper we focus on the flow field and turbulence within the rotor wake. One thousand instantaneous realizations at the same phase are used for determining the phase averaged flow and turbulence statistics including Reynolds stresses, turbulence spectra, production, dissipation, and mean strains. Three methodologies are adopted to investigate the details of the rotor wake structure: 1. Local maximization of 2-D shear strain and Reynolds shear stress; 2. 1-D energy spectral analysis; and 3. Subgrid-Scale (SGS) energy budget.
INTRODUCTION
Rotor wakes are a major source of disturbances and losses in axial turbomachines, being free-shear flows that are highly complicated by the inherent unsteadiness and complexity of the domain through which they are convected. Detailed data on the structure of the rotor wake are thus critical not only for modeling efforts, but also for guiding the design of quiet and efficient turbomachines.
Substantial effort has already been invested in studies of the structure of rotor wakes, for example, the wake profile, its decay characteristics, turbulence characteristics, the mixing and recovery under different parameter settings, such as blade loading, free-stream turbulence, rotation, etc. (Reynolds et al. [1] , Reynolds and Lakshminarayana [2] , Hah and Lakshminarayana [3] , Lakshminarayana and Reynolds [4] , Lakshminarayana et al. [5] , Suryavamshi and Lakshminarayana [6] , Van Zante et al. [7] ). The experimental methodologies used in these studies consisted mostly of single-point measurement, including tri-axial hot-wire, split hot-film, five hole pitot, high response pressure transducer, and LDV. Most of these results provide only single-point data that are not sufficient to capture and elucidate the full spatial complexity of the interactions of the rotor wake with blades and other wakes.
In recent years, Particle Image Velocimetry (PIV) has increasingly been implemented to turbomachinery applications (Dong et al. [8] [9], Day et al [10] , Tisserant and Breugelmans [11] , Gogineni et al [12] , Sanders et al [13] , Sinha and Katz [14] , Sinha et al. [15] , Wernet [16] , Balzani et al. [17] ). More well-resolved data have been obtained, but most are limited by optical-access problems due to the complex geometry of turbomachines. Recently Uzol et al. [18] [19] and Chow et al. [20] [21] have introduced an axial-turbomachine facility that enables unobstructed PIV measurements within an entire stage by matching the optical index of refraction of the blades and the working fluid. Their measurements provide complete 2-D data sets covering an entire stage, enabling observations on the complex flow and turbulence structure resulting from bladewake and wake-wake interactions. Several striking phenomena such as the formation of turbulent "hot spots" resulting from "wake kinking" and "chopping" of wakes have been visualized. Spanwise variation of the rotor near wake and modifications to a boundary layer due to impingement of an upstream wake have also been examined in a recent paper, Chow et al. [22] . This paper also examines the balance between turbulence production and dissipation rate, and shows the lack of balance and anisotropy with the turbulent hot spot formation.
The present paper continues our effort to explore the flow structure and turbulence within the rotor wake. We start by highlighting major features in the complexity of the turbomachinery flow. Results obtained from two different configurations are presented. Second, three analysis methodologies are used to investigate the details of the rotor near wake structure. We examine the data in a coordinate system that locally maximizes the in-plane shear strain, and the Reynolds shear stress. Then, we perform 1-D energy spectral analysis of the turbulence, and examine the Subgrid-Scale (SGS) energy budget. As will be demonstrated, the results provide new insight into the structure of the rotor wake.
EXPERIMENTAL FACILITY
The axial turbomachine test facility has been constructed to perform unobstructed PIV measurements at any point within an entire stage including the rotor, stator, gap between them, inflow into the rotor and the wake downstream of the stator. Optical access is achieved using a rotor and stator made of transparent acrylic, which has the optical index of refraction of 1.49, the same as the working fluid (concentrated solution, 62%~64% by weight, of NaI in water). Thus, the blades become almost invisible, do not obstruct the field of view, do not alter the direction and the shape of the illuminating laser sheet while passing through the blades, and minimize the light scattering from the blade boundaries. This fluid has a specific gravity of 1.8 and a kinematic viscosity of 1. In addition to examining the flow associated with the specific geometries, the results obtained using Test setup No. 2 have been used for obtaining the detailed structure of the rotor boundary layer and wake as they interact with wakes of upstream guide vanes. Most of the present analysis is obtained using this setup. In Test setup No. 2, shown in Figure 1b and summarized in Table 1 , the first stage (rotor and stator) is identical to that of Test setup No. 1. However, the second stage consists of a stator followed by a rotor. A honeycomb with 6 mm diameter openings occupies the entire gap between the two stator-rows. The purpose of this honeycomb is to reduce the effect of large-scale turbulence generated by the first stage, and to align the flow in the axial direction, consistent with the orientation of the first stator. This arrangement enables us to study the structure and evolution of the rotor wake with reduced disturbances from the first stage, and allows us to follow the rotor wake over a huge distance.
In both systems, the first rotor is driven directly by a 25 HP rim-driven motor, preventing the need for a long shaft. The two rotors are connected by a common shaft supported by precision bearings. Both have 12 rotor and 17 stator blades within the second stage (made of transparent acrylic). More details about both systems can be found in Chow et al. [20] [21] [22] .
Optical access is provided by a window that covers the entire second stage (Figures 1 and 2 ). An additional transparent insert enables us to insert a probe containing the laser-sheet optics (Figure 2) . Consequently, we can illuminate any desired plane with a laser sheet from the hub to the tip of the blades, including the tip-gap. The PIV setup is shown in Figure 2 . The light source is a 50 mJ/pulse dual-head Nd-YAG laser whose beam is expanded to generate a 1 mm thick light sheet. The flow is seeded using 20% silver coated, hollow glass, spherical particles, which have a mean diameter of 13µm and an average specific gravity of 1.6, i.e. slightly below that of the fluid. The images are recorded by a 2048×2048 pixels 2 , Kodak ES4.0, 8-bit, "cross-correlation" digital camera. The laser and the camera are synchronized with the orientation (phase) of the rotor using a shaft encoder that feeds a signal to a controller containing adjustable delay generators. The measurements involving Test setup No. 1 cover the entire second stage including the inflow to the rotor, the flow around the rotor, the gap between the rotor and the stator, the flow around the stator and the stator wake. Data have been obtained at ten rotor phases and three spanwise planes (Uzol et al. [23] ). In this paper we present data recorded at the mid-span plane. For each condition (phase and location) at least one hundred instantaneous realizations are recorded. The sample area is 50x50 mm 2 , and as a result several (five) data sets at different axial locations with sufficient overlap have been recorded to cover the entire stage.
The measurements involving Test setup No. 2 focus on the flow around the rotor and its near wake. The data have been recorded at nine spanwise planes (Chow et al. [22] ), but we focus in this paper on the mid-span plane at 800 rpm and 500 rpm. The 500-rpm data are used for detailed analysis of the rotor wake. The sample areas are 50x50 and 15x15 mm 2 for "low" and "high-magnification" measurements, respectively. Here also at least one hundred instantaneous realizations are recorded at low magnification for each test condition. However, for the high-magnification wake measurements we record 1000 data sets at each condition in order to obtain converged statistics on the turbulence. PIV system. Data analysis includes image enhancement and crosscorrelation analysis using in-house developed software and procedures (Roth et al. [24] [25]). Adapting these procedures to the current geometry, including specific modifications to the image enhancement procedures, and removal of the blade trace/signature prior to velocity computations are discussed in Uzol et al. [18] . Each velocity distribution consists of 61×61 vectors. An uncertainty analysis showing velocity uncertainties of ~1% can be found in Uzol et al. [19] and Chow et al. [21] .
The phase-averaged parameters are calculated from the instantaneous velocity distributions using,
where "<>" indicates ensemble averages at the same phase. N=100 (or 1000) is the number of instantaneous vector maps for each phase, x and y are the axial and lateral coordinates, respectively, and φ is the phase angle. The subscripts i and j take values of 1 and 2, representing the axial (u 1 =u) and lateral (u 2 =v, almost circumferential) velocity components, respectively. The 3/4 coefficient of k, the "turbulent kinetic energy", is selected to account for the contribution of the outof-plane velocity component, assuming that it is an average of the available measured components. Equations 4 and 5 are used for estimating the phase averaged strain rate components <S ij > and the almost radial vorticity component, respectively.
RESULTS

Multi-stage flow field complexity
The flow field in a multi-stage turbomachine is dominated by wake-wake and wake-blade interactions. The rotor and stator wakes generated by the upstream rows are chopped off and sheared by the downstream rotor/stator blades. These interactions cause substantial phase-dependent fluctuations in the flow field that generate significant variations in blade loading as well as circumferential variations in rotor work input (Uzol et al. [19] , Chow et al. [21] ). Figure 3 illustrates the complex flow field within the second stage of the Test setup No. 1, at mid-span and at 500 rpm (Re=370,000). In Figure 3 , the dataset from several rotor phases are matched to provide a cascade view of the entire flow field. As is evident from Figure  3b nd stage rotor wake segments extending to the exit from the second stator. Meandering of the rotor wake in the rotor-stator gap is caused by interactions with wakes generated by the first stage (Chow et al. [21] ). The combined effect of the 1 st stage rotor and stator cause 10°-12° variations of flow angle (not shown) along the pressure side of the rotor blades. Nonuniformities in the tangential velocity imply significant effects on the work input of the blade row. Indeed, as discussed in Uzol et al. [19] , the wake-induced tangential variations in the work input of the present system are about 13%. Figure 4 presents the phase averaged relative velocity, vorticity as well as turbulent kinetic energy around a rotor blade and its near wake (up to about one chordlength downstream) at 800 rpm (Re=592,000), at mid-span of Test setup No. 2. Recall that this rotor blade operates behind a row of Inlet Guide Vanes (IGVs) that are separated from the first stage blade rows by a honeycomb. As a result, this flow is much less affected by the first stage. At the specific rotor phase shown here, one can identify two separate IGV wakes impinging on the rotor blades, as is evident from the turbulent kinetic energy and vorticity plots (Figure 4b and c, top row). One wake is located around the rotor leading edge, at an early stage of being dissected by the blade. The second wake is already chopped off, and is getting sheared creating a phase lag across the blade due to difference in velocity across the rotor blade (Figure 4a , top row). These discontinuous IGV wake segments are convected downstream and interact with the wake of the rotor blade, generating kinks in the rotor wake distribution. The wake kinking is created by the discontinuous region with high axial momentum in between the segmented IGV wakes, as demonstrated in the lower sequence of Figure 4 . Around the kink region there are localized regions with high turbulent kinetic energy, concentrated vorticity, as well as "quadruple" distributions of Reynolds shear stress and mean shear strain. In Chow et al [21] and Uzol et al [19] , we have referred to these regions as "turbulent hot spots". After demonstrating the causes for its occurrence, the following sections will focus on the rotor near wake, including the hot spots, using the results of highmagnification PIV measurements. We provide detailed data on the flow and turbulence structure of the rotor wake, the alignment of mean strain and Reynolds stresses, and a SGS energy budget.
Local maximization of 2-D shear strain and stress
The phase-averaged mean strain and Reynolds stresses are second-rank tensors, T ij , and can be transformed (i.e. projected onto a different Cartesian coordinate system) according to:
where T ij are the components in one coordinate system described by three orthogonal unit vectors i
the components in a second system with unit vectors ' i n , and
n n is the scalar product of unit vectors aligned with the Cartesian coordinates. Since we presently have only 2-D data, we will perform only 2-D rotation, i.e. 3 3 ' = n n . This kind of transformation enables us to align the local strain rates or the local Reynolds stresses along directions that maximize the shear stress or strain, or along the principal direction, zeroing the shear stress or strain. In this paper we present data that maximize the shear (strain), since, as it turns out, the results are more revealing. Figure 5 shows the normalized transformed strain and Reynolds stress components aligned locally with coordinate system that is oriented such as to maximize the local shear strain (<S 1'2' > is maximized). The direction that maximizes the shear strain is aligned at 45° to the principal direction. At this orientation <S 1'1' > is equal to <S 2'2' >. The sum, <S 1'1' > + <S 2'2' >, is an invariant, i.e. it does not depend on orientation. Furthermore, <S 3'3' > = -(<S 1'1' > + <S 2'2' >). In a system that maximizes <S 1'2' >, <S 3'3' > = -2<S 1'1' >. In a region with <S 1'1' > < 0, <S 3'3' > is larger than zero, i.e. there is out of plane stretching. It is evident that <S 1'2' > is substantial almost everywhere in the rotor near wake, whereas <S 1'1' > and <S 2'2' > diminish in most of the near wake (note this difference in scales) except for the region around the rotor trailing edge and adjacent rotor suction side, and in the turbulent hot-spot region. These trends imply that the rotor near wake mainly consists of two parallel layers experiencing planar shear with opposite signs (at least in the available 2-D projection of the flow field), as one would expect to find in a 2-D wake. The arrows on the <S 1'2' > and <S 1'1' > contours clearly show the conformity of the local 1' n direction with the wake trajectory (before the wake kinking occurs), also supporting the claim that the fluid within the near wake is exposed to planar shear straining. Figure 5d shows that in a coordinate system aligned with maximum shear strain the distribution of the Reynolds shear stress in the near wake,
> consists of two layers with opposite signs on both sides of the rotor wake, conforming to the signs and distribution of the shear strain. However, as is evident from Figures 5e and f, the normal stresses
(in a system that maximizes <S 1'2' >) are still substantial, unlike the corresponding strain rates. In fact, in this coordinate system the normal stresses are higher than the shear stress in most of the wake.
Within and around the hot-spot region, there is a "quadruple" distribution of <S 1'2' > (as reported before by Chow et al. [21] ), with the center located at about (x/c = 0.32, y/c = 0.66). The wake thickens and the high-strain-rate layers become discontinuous, with regions of positive and negative <S 1'2' > facing each other. Similar patterns with much lower magnitudes occur in the distributions of <S 1'1' > and <S 2'2' > (recall that they are identical). The only area with significant levels of <S 1'1' > is located near the hot spot. Strikingly, Figures 5d-f show that all the Reynolds stresses peak at the center of the hot spot, where both of the shear and normal strain rates diminish. It means that in this area the turbulence modeling in terms of linear eddyviscosity formulation would fail due to this opposite behavior of the magnitudes of strain rates and Reynolds stresses.
In terms of turbulence modeling, it is of interest to study the geometrical relationship between the strain rates and Reynolds stresses. One aspect of this relationship would be the difference between the alignments of a coordinate system that maximizes <S 1'2' > and a system that maximizes the Reynolds shear stress -1' 2' ′ ′ < > u u . This difference is quantified in Figure 6 by the angle, α, between these coordinate systems. Specific areas characterized by the elevated α include the near wake close to the rotor trailing edge, the wake segments generated by upstream blades on both sides of the rotor wake, and the region surrounding the center of the hot spot. In a substantial part of the rotor wake (away from the hot spot), the angle is very small. Thus, away from the immediate vicinity of the trailing edge and the hot spot the alignment is consistent with eddy viscosity type Reynolds stress models. Near the trailing edge, and around the hot spot, there are substantial angles between stresses and strain rates, requiring more complex turbulence modeling. Since, as noted before, <S 3'3' > = -(<S 1'1' > + <S 2'2' >), and in a coordinate system that maximizes the shear strain, <S 3'3' > = -2<S 1'1' > = -2<S 2'2' >, Figure 5c can be used for identifying regions with high <S 3'3' >. In regions with substantial <S 3'3' > the flow is clearly three-dimensional. Out of plane stretching occurs when <S 3'3' > > 0 (<S 1'1' > < 0), and contraction when <S 3'3' > < 0 (<S 1'1' > > 0). As Figure 5c shows, the rotor wake is experiencing much stronger 3-dimensional effect compared to the region outside of the wake. Out of plane stretching peaks around the rotor trailing edge, and in the vicinity of hot spot (in the region where <S 1'2' > < 0). Along the rotor wake, the suction side of the wake is being stretched (<S 3'3' > > 0) and the pressure side is being contracted (<S 3'3' > < 0), in the out-ofplane direction. Around the hot spot a quadruple distribution, similar to the in-plane strain rates is formed. Figure 6 . Distributions of magnitude in degrees of the relative angle between the local coordinate system that maximizes the Reynolds shear stress, and a system that maximizes the shear strain rate.
One-dimensional turbulence spectra
Several sample lines are chosen in several regions within the wake, which are aligned with the most probable directions of turbulence homogeneity (relative streamlines in this case), as shown in Figure 7a . Along each line, we use the instantaneous velocity distributions to calculate the longitudinal spatial spectra, E 11 (k 1 ), and normal spatial spectra, E 22 (k 1 ), where k 1 represents the wavenumber along the direction of the line (longitudinal component of the wavevector). The spectra of all the data at the same location (line) are averaged. In plotting the results we present the distribution of E 11 (k 1 ) and 3/4E 22 (k 1 ) since they are equal in isotropic turbulence. Details on the methods of data sampling and spectral analysis can be found in Chow et al. [22] and Doron et al. [26] . By assuming isotropic, homogeneous turbulence in the inertial range, one can estimate the energy dissipation rate, ε, using (Tennekes and Lumley [27] 
The Kolmogorov length scale, η, can then be obtained from
where ν = 1.1x10 -6 m 2 /s is the kinematic viscosity. Figure 7 shows the series of lines overlaid on the distributions of turbulent kinetic energy, and the corresponding spectra, along with the dissipation rates and Kolmogorov scales. Figure 7b clearly shows that in some cases, e.g. line 1, located 0%~26% chordlength downstream of the trailing edge, the two spectra deviate significantly from each other, indicating strong turbulence anisotropy near the rotor trailing edge. Note that for line 1, it is hard to find a well-defined inertial range for a -5/3 slope line fit, indicating the highly non-equilibrium state of the turbulence in this region. However, just a short distance downstream, a well-fitted inertial range appears in the spectra of line 2, and much more turbulence isotropy exists, except for the largest scales. The estimated values of ε, shown near each line, decrease by about 4 times from line 1 to line 2, causing also appreciable increase in the Kolmogorov length scales in such a short distance.
In the region located 18%~48% chordlength downstream, the spectra continue to show isotropy over the entire inertial range (with -5/3 slope) and smaller scales. The range of scales with isotropy actually extends up to characteristic integral scale (Chow et al. [22] ). The corresponding integral scales, estimated from 3 / 2 k / ≈ l , are about 3.3 mm for the line 2 region, consistent with the width of the wake in this region. The estimated values of ε in this region decrease further from upstream levels, but the decay is much slower.
In the region located 41%~70% chordlength downstream of the trailing edge, the spectra of line 1 show that isotropy is achieved even in the largest scales, as the difference between E 11 (k 1 ) and 3/4E 22 (k 1 ) diminishes compared to the previous scales. However, the two spectra of line 2 start to show differences in large scales associated with the non-uniformities caused by wake kinking. The estimated values of ε in this region are already one order of magnitude lower than the levels closest to the trailing edge.
In the region located 57%~90% chordlength downstream, where the turbulent hot spot resides, there is substantial anisotropy in the spectra of lines located in the vicinity of the hot spot (lines 1~4). The estimated dissipation rate is higher within the hot spot, consistent with the higher turbulent kinetic energy in this region. Spectra of lines 5 and 6 represent the turbulence characteristics at the edge and outside of the wake, respectively. It is evident that the turbulence of lines 5 and 6 is much more isotropic compared to the hot spot, and the turbulence levels and dissipation rates at these locations are much lower than those within the wake. In fact, the dissipation rate of line 6 (outside of the wake) is almost 3 orders of magnitude lower than the level very near the trailing edge. As a result there is a 5:1 ratio in the magnitude of the corresponding Kolmogorov scale.
SGS energy budget
Large eddy simulation (LES) distinguishes between the large-scale motions and the so-called "SGS" (SubGrid-Scale) motions by applying a spatial filter with a kernel G ∆ (x) to the velocity field (Leonard [28] , Meneveau and Katz [29] , Piomelli et al. [30] ). This convolution process of velocity field with G ∆ (x), denoted by "~", filters out scales smaller than ∆, but introduces the so-called "SGS stress tensor,"
SG ij U represents the effect of SGS dynamics on the filtered Navier-Stokes equation. The "resolved velocity field", i u % , is of interest, not only in the context of LES, but also in studying the dynamics of large-scale motions within the flow. This section focuses on the resolved energy budget, i.e. the status of energy transfer associated with large-scale motions, in the rotor near wake. In this paper we choose a box filter with size, ∆, of eightvector spacing (1.875 mm). This scale corresponds to a wavenumber k = 2π/∆ = 3.35x10 3 rad/m which, when situated on the spectra shown in Figure 7 , can be seen to fall between the inertial range and the integral scale of turbulence, depending on position. By doing so, the energy flux to the SGS domain (SGS dissipation of mean resolved kinetic energy, as will be shown later) can provide an estimate of the turbulent dissipation rate (Doron et al. [29] , Liu et al. [31] ).
The evolution of the "mean resolved kinetic energy," K (Piomelli et al. [30] , Meneveau and Katz [28] ), is governed by
where, as before, "< >" denotes ensemble-averaging.
K can be decomposed into K m and e where K m is referred to as the "mean-field resolved kinetic energy", and e is the "mean resolved turbulent kinetic energy".
and " i ua % " denotes the fluctuation of the filtered velocity (the same notation applies to other parameters). The resulting evolution equations of K m and e are (10)- (13) 
The common term with opposite signs in equation (12) and (13), a a % % % u u S i j ij , is referred to as the production, P SG , of mean resolved turbulent kinetic energy. Other terms in these equations, such as A ij , B ij , and C ij are the transport terms, i.e. they only affect the spatial distributions of energy. By inspecting the budget of SGS dissipation and production terms one can obtain an insight on the energy flux from the mean flow to the large-scale motions and from the large scales to the subgrid scales in the rotor near wake.
Since we have performed 2-D measurements, the filtering and subsequent analysis are based on the planar data. Thus, we can calculate only part of the terms needed for estimating the dissipation and production rates. Due to the three-dimensional nature of the flow we do not make any assumptions on the magnitudes and contributions of the out-of-plane terms. Contractions are thus evaluated as D ij E ij = D 11 E 11 + 2D 12 E 12 + D 22 E 22 , where D ij and E ij can be any second-rank tensor. Figure 8 shows the distributions of the SGS dissipation and production terms in four different regions along the rotor near wake, corresponding to the regions shown previously. Due to large variation in magnitudes, scales in each row are different. Note that the area surrounding the blade is masked showing the region where an 8×8 filter cannot be used due to the solid blade. They all have magnitude peaks in the following regions: i. Close to the trailing edge where two layers appear to extend from the boundary layers. In the regions between these layers, SG K F and SG Km F are negative, indicating flux from subgrid to resolved scales; ii. Along two parallel layers on both sides of the rotor wake centerline. These layers are consistent with regions with high overall turbulence production (Chow et al. [22] ); iii. The region to the right of the rotor wake, where a stator wake segment impinges on the rotor wake; iv. The turbulent hot spot. It is clearly evident that F is still about 20% of the total flux (near the trailing edge and around hot spot). Interestingly, P SG is substantial, and in some areas within the rotor wake is even larger than SG K F . Thus, the mean flow, domain I, loses equal (and even larger) amount of energy to the resolved scales (domain II) and to the subgrid scales (domain III). Consequently, in the near wake the resolved scales gain more energy from the mean flow than the energy losses ( SG e F ) to the subgrid scales. The difference energizes the resolved scales of the near wake.
CONCLUSIONS
Results of detailed PIV measurements are used for elucidating the flow structure and turbulence caused by wakeblade and wake-wake interactions within a multi-stage turbomachine. The first part of the paper demonstrates that the flow consists of a lattice of interacting wake segments, which are being chopped by the rotor and stator blades. The wake fragments become discontinuous due to the velocity differences across the rotor blades. The resulting non-uniform flow field across the rotor wake causes wake kinking and local increasing turbulence level, referred as turbulence hot spots.
The second part of the paper focuses on the flow structure and turbulence in the rotor near wake. Alignment of the local coordinates with direction that maximizes the local shear strain shows that except for the hot spot regions the rotor wake consists of two parallel layers exposed to planar shear strain. The normal strains in this system are significantly lower, indicating that out-of-plane normal straining is much weaker than the in-plane shear. Complex quadruple shear and normal strain structures develop around the hot spot. Although the normal strains are still lower than the shear, 3-D effects (out-ofplane normal straining) become significant near the hot spot and close to the trailing edge of the rotor.
The Reynolds shear stress peaks at the center of the hot spot, where the shear strain rate diminishes. Significant differences exist in several regions between the orientation of a coordinate system that maximizes the shear strain, and the system that maximizes the Reynolds shear stress. The differences in orientation are particularly high around the hot spot, near the trailing edge, and within the stator wake segments on both sides of the rotor wake. The alignment is much better in other segments of the wake.
One-dimensional spectral analysis is used for estimating the dissipation rate and related length scale, as well as examining whether the turbulence is isotropic. The results demonstrate that the turbulence near the trailing edge is anisotropic and highly dissipative (two orders of magnitude higher than the surrounding flow). The dissipation decreases and turbulence becomes more isotropic further away from the trailing edge, but becomes anisotropic again near the hot spot.
Spatial filtering of data and measurement of the resulting SGS stresses enable us to examine and compare energy fluxes from the mean flow to the resolved and subgrid scales, as well as from the resolved to the subgrid scales. Due to the limitation in resolution, the present filter scale is 50% of the integral scale (~wake width). Consequently, the energy flux from the mean flow to the subgrid scales is much higher than flux from the resolved turbulence to the subgrid scales. The production term, representing the energy flux from the mean flow to the resolved scales is typically higher than the flux from the resolved to the subgrid scales. Thus, build-up of large-scale energy occurs in substantial part of the near wake. Finally, note that the dissipation rates estimates from the spectra are everywhere (including the hot spot) of the same order as the overall SGS dissipation rate.
